INTRODUCTION
Generally, global and/or local ice load is considered as one of the main design parameters in the design of specialized vessels that navigate ice-covered waters, because the magnitude of ice-induced loads is greater than that of wave-induced loads or slamming-induced impact loads. However, estimation of the exact ice load acting on a ship is rather difficult and requires gaining an understanding of the interaction phenomenon between ice and the ship. Thus far, loads have not been estimated rationally in the ice load problem, and the best approach for estimating the ice load acting on a ship structure is to perform fullscale sea trials using a real ship in an ice region (Choi and Jeong, 2008) .
To this end, several works have attempted full-scale sea trials over the last 25 years (St. John et al., 1990; Kivimaa, 1993; St. John and Minnick, 1995; Tsoy et al., 1998; Ritch et al., 1999; Johnston et al., 2003; Frederking, 2005; Ritch et al., 2008) , including the full-scale sea trials of the USCGC Polar Sea (St. John and Daley, 1984) . In these trials, the ice load acting on the ship structure was measured using strain gauges attached in the bow area, where it is possible for the ship to come into direct contact with ice during navigation in ice-covered waters.
This study performed four field measurements of local ice loads during the icebreaking voyage of the icebreaking research vessel "ARAON" in the Chukchi and Beaufort seas from July to August of 2010. The ship's dimensions are a length of 110 m, width of 19 m, and design draft of 6.8 m . Her first voyage was to the Antarctic Ocean in January 2010 for acquiring to valuable information on its operation and on the strength characteristics of sea ice (Likhomanov, 2010) . The present study differs from previous works in this field in the sense that while previous trials dealt with hull loads between the ship structure and floating ice, this study focuses on the local ice loads induced on the hull by broken bits of ice from mediumsized ice floe during icebreaking. The results of this study are expected to provide an understanding of the local ice pressures, which would be useful during the structural design of ships.
PREPARATION FOR FIELD MEASUREMENTS

Strain gauge installation
In order to overcome the limitation of insufficient number of available strain amplification channels and to investigate the stress distribution states, including the principal stress and the equivalent stress, two types of strain gauges were adopted for the field measurements: FLA-10-350-11-5LT and FRA-5-11-5LT (Tokyo Sokki Kenkyujo). The former model is a single gauge with a grid length of 10 mm, resistance of 350 Ω, and working temperature of -20 to +80 °C. In contrast, the latter model is a rectangular strain gauge rosette with a grid length of 5 mm, resistance of 120 Ω, and the same working temperature as that of the former model. A strain gauge rosette is often used in engineering practice to determine strain states at specific points on a structure. MGCplus (HBM) connected to an AP815i board was used as the data acquisition system.
In view of ease of accessibility to the installation location of strain gauges, 14 gauges (out of which 8 were strain gauge rosettes) were attached to the portside shell from FR. 104 (frame number 104) to FR. 109 under the second deck in the bow thruster room, as roughly shown in Fig. 1 . This figure illustrates the bow part of the shell expansion. In the figure, the solid-line rectangle indicates the instrumented area containing the strain gauges. The single gauges were installed 1,050 mm below the second deck in the longitudinal direction. Five strain gauge rosettes were installed at 500 mm intervals in the vertical direction, including the R3 gauge, to get the vertical trend of stress distribution, as shown in Fig. 2 . The second deck is located at 7,100 A/B (7,100 mm above baseline), and the design load waterline (DLWL) is 6,800 A/B. Fig. 3 shows photographs of the strain gauges after their attachment. As shown in this figure, the active-dummy method was employed to compensate for temperature changes. 
Test locations and ice conditions
Four ice load measurements (i.e., field trials) were carried out in the Arctic Sea near Alaska, in the part surrounded by Chukchi Sea and Beaufort Sea, between 73°N and 78°N. Fig. 4 shows the voyage route and the sites of the four field trials and Table 1 summarizes details of these four sites and lists the sizes of ice floes considered in this study . The site of the first field trial was located on an ice floe 130 m × 100 m in size, where the measured mean thickness of ice was 1.1 m. Part of the ice floe was estimated as being composed of multiple layers of old ice. The site of the second field trial was located on an ice floe 200 m × 80 m in size, where the measured mean thickness of ice was approximately 2.2 m. The ice floe was estimated as being composed of multiple layers of old ice. The site of the third field trial was located on an ice floe 280 m × 100 m in size, where the average ice thickness was 1.9 m. The ice floe was estimated as being composed of secondyear ice. The site of the fourth field trial was located on an ice floe 300 m × 110 m in size, where the average ice thickness was approximately 2.5 m. Here, the ice thickness was not uniform. Further details of these test sites and vessel speed during measurements can be found in Kim et al. (2011) . Furthermore, details of the ice thickness in these four field trials can be found in Park et al. (2011) , who measured the ice thickness at 10 m intervals in the second and third field trials and at 20 m intervals in the fourth field trial by using an ice gauge after auguring on the sites. According to them, after auguring, the ice thickness changed from about 1.4 m to 3.5 m in the second field trial, from about 0.7 m to 2.4 m in the third field trial, and from about 1.2 m to 3.4 m in the fourth field trial. 
MEASUREMENTS OF LOCAL ICE LOAD DURING ICEBREAKING
First measurement
Fig. 5 Marking of icebreaking direction on ice to be tested. Fig. 5 shows a photograph that depicts the marking of the icebreaking direction on ice for the first measurement. This measurement required the use of 8 strain gauge rosettes owing to the insufficient number of available strain amplification channels. Fig. 6 shows examples of strain data measured by strain gauge rosette Nos. 1 to 3. In this figure, the numbers 1-3 at the end of a label indicate for the x-direction (i.e., longitudinal direction of the ship), y-direction (i.e., transverse direction of the ship) and 45° from the x-direction toward the y-direction, respectively. For example, "Run1_R2-1" indicates the strain measured in the x-direction by the No. 2 strain gauge rosette in the first measurement. The loading time, i.e., the time taken to reach from 0 to the peak load, at the ice impact was measured as being 0.2-5 sec, and the maximum strain was measured to be 128.0 μm/m at R2-1. The angles of principal strain as measured by the R3 gauge were mainly around 0° or 180°. Accordingly, the direction of principal strain is approximately along the longitudinal direction of the ship. Therefore, it can be confirmed that the maximum strains in the x-and y-directions (94.8 μm/m and 58.0 μm/m, respectively) are in quite good agreement with the maximum and minimum principal strains (96. 5 μm/m and 56.0 μm/m, respectively). Fig. 6 Examples of strain data measured by strain gauge rosette Nos. 1 to 3 in the first measurement.
Second to fourth measurements
In the three subsequent measurements, i.e., second to fourth field trials, the total number of channels was 24, of which 15 were for 5 strain gauge rosettes (R2-R6: vertical direction), 6 were for 6 single gauges (S1-S6), and 3 were for R1, R7, and R8 only in the longitudinal direction. The sampling rate was 100 Hz. The ice loading time analyzed from the measured peak data ranged from 0.2 sec to 0.5 sec, which is similar to the range in the first measurement; however, there were some exceptions-at around 1.0 sec for R5-1 of the third measurement and at 1.6 sec for R1-1 of the fourth measurement. Further details of the time duration of the peaks can be found in Jeon et al. (2013) , who analyzed the peak signals of the third measurement in terms of the rise time and the half-decay time.
The maximum strains in the second, third, and fourth measurements were 321.8 μm/m (at R6-1), 336.6 μm/m (at R7-1), and 417.5 μm/m (at R7-1), respectively. The principal strain angle of the R3 strain gauge rosette in the second to fourth measurements was calculated to be 0° or 180° along the x-direction, similar to the value obtained in the first measurement. Fig. 7 shows the calculation results of the principal strain during the second measurement. In this figure, SN1 and SN2 denote the maximum and minimum principal strains, respectively, and AG is the angle of SN1. These results show that the direction of the principal strain is the same as the x-direction of the gauges. Table 2 presents a comparison between the maximum strains in the x-and ydirections and the maximum and minimum principal strains at R3. It is obvious from this table that these values are in very good agreement.
The effects of ship speed and ice thickness on the local ice pressure are also important for predicting the local ice pressure. These effects are not considered in this study; instead, results of analysis of these effects can be found in Lee et al. (2013) , who performed this analysis by using the same data as that used in this study. 
Conversion of strain to stress
To derive the stress from the measured strain, the principal strain was multiplied by the Young's modulus according to Hooke's law and the plane stress theory was applied. As mentioned in the above paragraph and shown in Fig. 7 , the direction of the principal strain was confirmed to be almost along the x-direction of the gauges and the maximum and minimum values of the principal strains were almost the same as the strain values in the x-and y-directions, respectively. From these observations, it is considered that the x-direction strain can be taken as the principal strain without actually having to calculate the principal strain. This consideration is important from a practical viewpoint of the limitation on the number of available channels in the measurement. Table 3 presents a comparison of stresses calculated by various methods for the first measurement, including the equivalent stress calculated from the strain gauge rosette (ES), the x-direction stress calculated from the strain gauge rosette using Poisson's ratio (SSX), and the x-direction stress calculated from the strain gauge rosette without using Poisson's ratio (EX). The comparison reveals that the average error between ES and EX is 3%. Based on these results, the x-direction stress EX was multiplied by a factor of 1.03 to obtain the equivalent stress (ES) for the second to the fourth measurements.
The material of the hull was EH36, having a minimum yield stress of 355 MPa, Young's modulus of 200 GPa, and Poisson's ratio of 0.3. Table 4 presents the equivalent stresses as calculated by conversion from strains measured in the xdirection during the second to the fourth measurements. The equivalent stresses at R3 listed in this table had errors smaller than 10% relative to the equivalent stresses calculated using strains from the strain gauge rosette-which were 25.3 MPa for the second measurement, 23.3 MPa for the third measurement, and 54.1 MPa for the fourth measurement. Fig. 8 shows the movement of the peak stresses along the longitudinal direction in the second measurement, where R8 and R1 are the nearest and farthest gauges, respectively, from the bow of the ship. From this figure, it can be inferred that a piece of sea ice came into contact with the side shell after breaking at the front of the bow and subsequently moved toward the stern while being in continuous contact with the ship structure. This phenomenon is thought to be a natural response of the icebreaking ship upon experiencing continuous contact with ice when a ship penetrates into an ice floe. 
Pressure conversion by influence coefficient method
The influence matrix method was applied for the estimation of the local ice pressure acting on the bow side shell of the ship during icebreaking. The Finite Element (FE) method was used to set the influence coefficients. Fig. 9 shows the FE model of the hull panel with the side shell and stiffeners. The model is set to include the instrumented area in consideration of the repetitive structure and location of the strain gauges on the shell of the bow thruster room. Though the side shell has a slight curvature, the curvature was not considered, because the variation in pressure is relatively small and the pressure is applied in a direction perpendicular to the shell plate. The unit uniform pressure was applied along a depth of 700 mm, shown as the shaded area in Fig. 9 . The four edges of the FE model were assumed as being fixed, since the modeled area is surrounded by primary support members, including the second deck and collision bulkhead. Three loading cases were applied in sequence to obtain the influence matrix, as numbered ①, ②, and ③ in Fig. 9 . For each loading case, a uniform load was applied to the plate elements of FE model which is the side shell of ship.
In fact, it is difficult to determine the contact area between the ice and the ship because the interaction between them is very complicated. After the initial impact, the broken ice pieces move backward while undergoing rotation and/or overturning depending on the circumstances of the ship's continuous movement, as shown in the photograph in Fig. 10 . This photograph was captured on board ARAON during the period of these sea trials. In the case of measurements on board CCGS Terry Fox, Ritch et al. (2008) installed the strain gauges in the grillage area that was surrounded by vertical frames and horizontal stringers, as shown in Fig. 11 . In their impact test, it was relatively easy to determine the contact area between ice and the ship, because the area surrounded by frames and stringers is small. However, unfortunately, the bow area of ARAON has only vertical frames as the primary members and no horizontal stringers, as shown in Fig. 3(a) .
When there is no horizontal primary member in the contact area, as is the case with ARAON, the vertical range of iceinduced pressure acting on the hull can be estimated from the ice thickness. However, unfortunately, the ice thickness determined in these four trials was not uniform, and the side shell, where strain gauges were attached, inclined by about 40° relative to the vertical line. It was also difficult to apply the ice thickness itself as the vertical range of ice pressure, since the contact between the ice and the ship could also be achieved by broken pieces of ice. Therefore, the vertical contact range between the ice and the hull was assumed as the ice thickness, 700 mm.
The final equation to obtain the local ice pressure on the basis of the influence matrix method is given as 
where {p} is the vector of the local ice pressure, [C] -1 is the inverse of the influence matrix, and {σ} is the vector of the equivalent peak stress obtained by conversion from the measured strains. The subscripts 1-3 refer to the adjacent continuous areas divided by the stiffener, indicated as ①, ②, and ③ in Fig. 9 . Fig. 9 Side shell area modeled for finite element analysis. Fig. 10 Photograph of broken ice pieces after Fig. 11 Photograph of instrumented area impact coming into contact with ship. (Ritch et al., 2008) . Table 5 lists the peak ice pressures acting on the side shell as determined using the influence coefficients and the equivalent stress listed in Table 4 . Here, the peak ice pressures were calculated only for the second to fourth measurements with the same strain gauge channels. The results of the first measurement were used for establishing the influence coefficients. Most values of the peak ice pressures for each channel were under 1 MPa, but the maximum value was 2.12 MPa at R7 in the fourth measurement. The maximum pressures in all measurements were recorded at R7. The magnitudes of the maximum pressures were in the range of 1.22-2.12 MPa. Further, the minimum pressure of 0.23 MPa was obtained at S2 in the second measurement. The minimum pressures were recorded at S2 for the second and third measurements and at S3 for the fourth measurement. However, in the fourth measurement, the difference in ice pressures measured at S2 and S3 was very small-just 0.02 MPa. Therefore, S2 could be considered as the location of occurrence of minimum pressure. The magnitudes of the minimum pressures were in the range of 0.23-0.82 MPa. The maximum and minimum ice pressures given in Table 5 were marked on the existing pressure-area curve; on this curve, other relationships between ice pressure and area (Choi, 1995) were also marked, as shown in Fig. 12 . Only the maximum and minimum pressures in Table 5 are marked in this figure. The rest of the pressures will be located somewhere between the maximum and minimum pressure vertically, because they have the same area in the curve. The data in Fig. 12 show that the local ice pressures calculated in this study are on the lower side of existing data, possibly because the measurements in this study were conducted during summer, and consequently, the ice is not as strong as that in winter. According to Choi et al. (2011) , the flexural strength of sea ice in these measurements ranged between 0.14 MPa and 0.29 MPa; these values are much lower than the designed minimum flexural strength (0.63 MPa) for ARAON and are also lower than those measured in the Antarctic voyage of ARAON (0.19-0.49 MPa) conducted by Likhomanov (2010) . The lower strength is mainly owing to the higher ice temperature and possibly owing to the size of the ice floes selected for the measurements. If the ice floe weighs relatively less than the ship's tonnage, the movement of the ice floe during impact can be larger; this may result in lower pressure. The ice floe selected for the measurements in this research was 130-300 m in length and 80-110 m in width. 
Calculated ice pressure
CONCLUSIONS
In this study, the local ice load acting on the bow side shell of the icebreaking research vessel ARAON was measured in a total of four measurements performed in the Chukchi and Beaufort Seas in the Arctic area. The local ice pressure was calculated from the strains measured at the bow area on the portside and using an influence matrix that was obtained by FE analysis under uniform pressure.
The measurement and subsequent calculation results showed that the determined local ice pressure is lower than the previously measured pressures summarized by Choi (1995) . This result seems to be attributed to the facts that the measurements in this study were conducted in summer, in which season the ice is weaker than that in winter, and the ice floes selected for measurement were relatively small in size. However, the obtained data are expected to be meaningful considering that summer is the main season for voyages on the North Sea Route between East Asia and Europe. 
